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The microstructure of the NiFe/Co~CoFe!/Al~Ta!-oxide/Co~CoFe! ferromagnetic tunnel junction
was investigated using cross-sectional transmission electron microscopy ~TEM!. The effect of the
insulating layer on the magnetoresistive ~MR! properties of the junction was studied. The multilayer
junction was formed using magnetron sputtering and the insulating layer was created by plasma
oxidation of the deposited metal film. TEM analysis showed that the MR ratio was highly dependent
on the insulating layer. For the NiFe/Co/Al-oxide/Co junction, when the Al2O3 layer was 13 Å, the
oxide layer was flat and the highest MR ratio of 15% was attained. As the Al2O3 thickness increased,
the interface roughness rapidly increased, and the MR ratio also markedly dropped. In contrast,
NiFe/CoFe/Al-oxide/CoFe junction showed a comparatively flatter interface and recorded a higher
MR ratio. The Ta-oxide insulating layer remained flat regardless of the thickness; however, the
largest MR ratio of only 9% was obtained within a narrow thickness range. We have demonstrated
that there exists a direct correlation between the microstructure of the oxide layer and the MR ratio
of the junction, which could be utilized to optimize the electrical properties of the ferromagnetic
tunneling junction. © 2001 American Institute of Physics. @DOI: 10.1063/1.1343519#I. INTRODUCTION
Tunneling magnetoresistive ~TMR! junctions consist of
a ferromagnet ~FM!/insulator/ferromagnet structure in which
TMR ratio changes as a function of an applied magnetic
field. The resistance of the junction depends upon spin ar-
rangement of the FM ~parallel or antiparallel! layer separated
by an insulating layer. Such a junction can be potentially
applied to high density read head for the high-density storage
media and Magnetic Random Access Memory ~MRAM!
application.
Recently, several groups have reported the TMR effect
over 20% at room temperature,1–3 but the microstructural
effect of the TMR junction was not studied extensively. In
order to utilize the junction commercially, the thickness of
the insulating layer needs to be controlled within a few ang-
strom ranges to ensure reliable operation of the device.4 In
addition, the defect structure and chemistry of the insulating
layer between two FM layers plays an important role in
achieving a large magnetoresistive effect.5 Thus, microstruc-
tural evaluation of the interface is of crucial importance in
studying the TMR junctions.
In spite of the importance of the barrier microstructure,
there exists relatively little work on the structural character-
ization using transmission electron microscope ~TEM!.6,7 In
this work, we have investigated the microstructural charac-
teristics of Al and Ta oxide layers during as oxidation pro-
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producible processing conditions for TMR junction
fabrication.
II. EXPERIMENTAL PROCEDURE
The magnetic tunnel junctions were deposited by dc
magnetron sputtering at room temperature on Si~100! wafers
which were cleaned with ethanol for 5 min to eliminate H2O
and oxidized thermally prior to the deposition. The following
layered structure was deposited:
~i! Si/SiO2 /NiFe(170 Å)/Co(48 Å)/
Al(x)-oxide/Co(750 Å),
~ii! Si/SiO2 /NiFe(170 Å)/CoFe(48 Å)/
Al(x)-oxide/CoFe(750 Å),
~iii! Si/SiO2 /NiFe(170 Å)/Co(48 Å)/
Ta(x)-oxide/Co(750 Å), and
~iv! Si/SiO2 /NiFe(170 Å)/Co(48 Å)/
Ta(x)/Al(13 Å)-oxide/Co(750 Å).
The base pressure was ,331026 Pa and the sputtering of
NiFe and Co were done at 0.074 Pa, 2.3 sccm Ar at the
deposition rate of 0.7 Å/s. The NiFe layers were deposited
using an alloying target. The Al–oxide was formed by first
depositing Al film with a thickness ranging from 13 to 63 Å
at 0.7 sccm Ar followed by exposure to an oxygen plasma.
For the plasma oxidation, 3.0 sccm Ar at 0.3 Pa and 9.1 sccm
O2 at 0.7 Pa was maintained for 5 mins.
The cross pattern for the junction was formed using a2 © 2001 American Institute of Physics
 AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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mask. The total area of the TMR junction was 100 mm
3100 mm.
Magnetoresistance loops and current–voltage curves
were measured at room temperature using a probing station
with a dc current in four point geometry. Magnetic hysteresis
loops were measured prior to the patterning, using a vibrat-
ing sample magnetometer at room temperature. The chemi-
cal composition of the oxide layers was examined by Auger
electron spectroscopy with sputter etch depth profiling. An
interface study of TMR junctions was performed using
cross-sectional TEM ~JEM2010, JEOL, 200 kV!.
III. RESULT AND DISCUSSION
A. Microstructure
Figure 1 shows the cross section and plan view of NiFe/
Co/Al-oxide/Co junction with the 13 Å thick oxide layer.
The bottom electrode, NiFe/Co, and the top Co layer had a
polycrystalline columnar structure. The insulating Al-oxide
layer was found to be amorphous. Examining the plan view
in Fig. 1~b!, NiFe and Co appears to have formed a solid
solution as NiFe and face centered cubic Co have the same
lattice constant of 3.54 Å, which agrees with the electron
diffraction shown in the inset.
In Fig. 2 are cross-sectional TEM images of the NiFe/
Co/Al-oxide/Co junction with different oxide layer thick-
nesses. The Al-oxide layer was flat ~shown at higher magni-
fication! at 13 Å. However, as the oxide layer became
thicker, although the NiFe, Co/Al-oxide interface remained
FIG. 1. ~a! Cross-sectional transmission electron micrograph for
SiO2 /NiFe/Co/Al(13 Å)-oxide/Co and ~b! planar view and diffraction pat-
tern for NiFe film.Downloaded 07 Feb 2010 to 130.34.135.21. Redistribution subject toflat, the Al-oxide/Co became increasingly wavy. In some
places, two electrodes were in contact, shorting the junction.
To determine the cause of the wavy interface, the junction
was created without the plasma oxidation process. The inter-
face with the Al metal layer remained flat at 63 Å thickness,
FIG. 2. Cross-sectional transmission electron micrograph for ~a!
SiO2 /NiFe/Co/Al(13 Å)-oxide/Co, ~b! SiO2 /NiFe/Co/Al(43 Å)-oxide/Co,
and ~c! SiO2 /NiFe/Co/Al(63 Å)-oxide/Co.
FIG. 3. Cross-sectional transmission electron micrograph for
SiO2 /Ta/NiFe/CoFe/Al(13 Å)-oxide/CoFe junction. AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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interface instability when the oxide layer thickness exceeded
a critical point.
Shown in Fig. 3 is the cross-sectional view of the NiFe/
CoFe/Al-oxide/CoFe junction with a 20 Å Al-oxide layer.
Compared to the Co junction in Fig. 2, both interfaces at the
top and the bottom were wavy, but the thickness of the oxide
remained relatively constant. As NiFe/CoFe grains grew in
columnar form, as can be seen in Fig. 3, grooves were
formed at the grain boundary to minimize the interfacial en-
ergy. In contrast to the NiFe/Co/Al-oxide/Co junction, the
Al-oxide grown on top of the grooves stayed comparatively
flat during plasma oxidation. Consequently, both interfaces
at NiFe/Co/Al-oxide and Al-oxide/ CoFe were wavy, but re-
mained parallel so that the oxide thickness stayed constant
along the junction.
Also investigated is NiFe/Co/Ta-oxide/Co junction
shown in Fig. 4. Due to the slow oxidation rate, the Ta metal
was not fully oxidized and the residual Ta metal layer can be
seen at the interface. No significant morphological distortion
was found at the Ta-oxide layer during oxidation process.
FIG. 4. ~a! Cross-sectional transmission electron micrograph for
SiO2 /NiFe/Co/Ta(63 Å)-oxide/Co/Pt junction, and ~b! high resolution
transmission electron micrograph of the interface between the top electrode
~Co! and Ta oxide.Downloaded 07 Feb 2010 to 130.34.135.21. Redistribution subject toThe insulation layer remained straight with increasing the
insulation thickness.
Examining the different junctions, depending on the ma-
terial chosen for the ferromagnetic and insulation layer, the
microstructure of the interface at the junction was strikingly
different.
B. Electrical properties
Figure 5 plots the TMR ratio against the applied mag-
netic field for the junctions shown in Figs. 2–4. For the
NiFe/Co/Al-oxide/Co junction, as the thickness and rough-
ness of the oxide layer increased, the TMR ratio markedly
dropped. The maximum TMR ratio of 15% was recorded at
13 Å thick Al oxide when the oxide layer was thin and flat
while at 63 Å, the TMR ratio was only 3%.
In the case of the CoFe junction shown in Fig. 5~b!, the
TMR ratio was considerably higher than that of the Co junc-
tion. It has been reported that if CoFe is used as the ferro-
magnetic material, TMR ratio could increase by 50% due to
the higher spin polarization of CoFe ~CoFe, P550%, Co,
FIG. 5. Tunneling magnetoresistance ratio vs applied magnetic field for ~a!
SiO2 /NiFe/Co/Al ~13, 43, and 63 Å!-oxide/Co and ~b! SiO2 /Ta/NiFe/
CoFe/Al(20 Å)-oxide/CoFe. AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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when the oxide layer was 20 Å thick. Similar to the NiFe/
Co/Al-oxide/Co junction, the TMR ratio dropped with in-
creasing thickness although the interface roughness did not
change significantly. Comparing the two junctions at differ-
ent oxide thicknesses, TMR appears to be strongly dependent
on the interface thickness and rather insensitive to the inter-
face roughness.
A strong dependence of TMR on the insulation thickness
is further confirmed by the NiFe/Co/Ta-oxide/Co junction.
Figure 6 shows the TMR ratio as a function of the Ta thick-
ness deposited. As can be seen, the TMR ratio was very
sensitive to the insulation thickness even though the junction
interface remained flat as shown in Fig. 4. To maintain a
detectable TMR ratio, the Ta thickness had to be maintained
FIG. 6. Tunneling magnetoresistance ratio vs Ta thickness for
SiO2 /NiFe/Co/Ta(x Å)-oxide/Co junction.Downloaded 07 Feb 2010 to 130.34.135.21. Redistribution subject towithin 11–13 Å. The narrow processing is partially attribut-
able to the residual metal layer at the junction and non-
stoichiometry of Ta2O5, which would lead to spin scattering.
IV. CONCLUSION
Using cross-sectional TEM, we have observed a differ-
ent interface morphology of the TMR junction depending on
the material chosen for the ferromagnetic electrodes and the
insulation layer and demonstrated the strong dependence of
the electrical properties on the microstructure of interface. It
is critical that the materials for the junction are carefully
selected and processed to ensure optimal microstructure of
the junction in order to obtain desired performance from the
TMR junction.
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